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Abstract. Recently it was discovered that over the Middle
East during summer ozone mixing ratios can reach a pro-
nounced maximum in the middle troposphere. Here we ex-
tendtheanalysistothesurfaceandshowthatespeciallyinthe
Persian Gulf region conditions are highly favorable for ozone
air pollution. We apply the EMAC atmospheric chemistry-
climate model to investigate long-distance transport and the
regional formation of ozone. Further, we make use of avail-
able in situ and satellite measurements and compare these
with model output. The results indicate that the region is
a hot spot of photochemical smog where European Union
air quality standards are violated throughout the year. Long-
distance transports of air pollution from Europe and the Mid-
dle East, natural emissions and stratospheric ozone conspire
to bring about relatively high background ozone mixing ra-
tios. This provides a hotbed to strong and growing indige-
nous air pollution in the dry local climate, and these condi-
tions are likely to get worse in the future.
1 Introduction
Ozone (O3) plays a key role in atmospheric oxidation pro-
cesses and photochemical air pollution. Although there is no
general consensus about the critical levels for human health,
environment agencies concur that 8-hourly levels in excess
of 50–60ppbv and a 1-hourly average of ∼80ppbv consti-
tute health hazards (Ayres et al., 2006). Whereas high peak
values are of particular importance for human health, perma-
nent exposure to lower levels is also problematical (Bell et
al., 2006). Furthermore, ambient mixing ratios of about 40
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ppbv for extended periods of several months cause crop loss
and damage to natural ecosystems (Emberson et al., 2003).
Ozone is a secondary pollutant, formed during the oxida-
tion of reactive carbon compounds and catalyzed by nitro-
gen oxides (NOx=NO+NO2), driven by ultraviolet sunlight.
Conditions typically found in the subtropics are conducive
for the formation of photochemical smog, and background
ozone levels over the subtropical Atlantic have been ob-
served to increase strongly by ∼5ppbv/decade (Lelieveld et
al., 2004). In the Mediterranean region the European Union
phytotoxicity limit of 40ppbv and the health protection limit
of55ppbvareoftenexceeded(Kouvarakisetal., 2002; Ribas
and Pe˜ nuelas, 2004), which causes tens of thousands of pre-
mature mortalities per year (Gryparis et al., 2004; Duncan et
al., 2008).
In a study of vertical ozone proﬁles in the Middle East
Li et al. (2001) used a chemistry-transport model and pre-
dicted a regional summertime O3 maximum in the middle
troposphere in excess of 80 ppbv. Satellite measurements
of tropospheric NO2 conﬁrm that O3 precursor concentra-
tions can be high in this area (van der A, 2008; Stavrakou et
al., 2008). Li et al. (2001) concluded that transport from the
stratosphere does not contribute signiﬁcantly to the O3 max-
imum. Yet, a study of stratosphere-troposphere exchange
(STE) over the eastern Mediterranean indicates that cross-
tropopopause transport can be intense, related to the distinct
summertime meteorological conditions over South Asia and
the Arabian Peninsula (Traub and Lelieveld, 2003).
Here we advance these investigations by applying the
EMACatmosphericchemistry-generalcirculationmodelthat
represents STE processes as well as the large-scale transport
and photochemistry of air pollution (Roeckner et al., 2006;
J¨ ockel et al., 2006). Our focus is on the Persian Gulf re-
gion, located downwind of major pollution areas and with
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Fig. 1. Satellite image of the Persian Gulf region by the Moder-
ate resolution Imaging Spectroradiometer taken on 17 April 2006,
showing thin clouds and desert dust transported from the west
(NASA Visible Earth).
substantial and growing local sources. It should be noted
that this region is also subject to aerosol pollution, including
desert dust (Fig. 1), though here we concentrate on ozone
and the meteorological conditions that promote photochemi-
cal air pollution.
2 EMAC model description
The numerical model simulations have been performed with
the 5th generation European Centre – Hamburg general cir-
culation model (GCM), ECHAM5 (Roeckner et al., 2006)
coupled to the Modular Earth Submodel System, MESSy
(J¨ ockel et al., 2006), applied to Atmospheric Chemistry
(EMAC). The model includes a comprehensive representa-
tion of tropospheric and stratospheric dynamical, cloud, ra-
diation, multiphase chemistry and emission-deposition pro-
cesses. We applied the model at T42 resolution, being about
2.8◦ in latitude and longitude. In addition we performed
a simulation at T106 (∼1.1◦) for the months June–August
2006 to test the sensitivity of the results to the model resolu-
tion. The vertical grid structure resolves the lower and mid-
dle atmosphere with 90 layers from the surface to a top layer
centered at 0.01hPa (Giorgetta et al., 2006). The average
midpoint of the lowest layer is at 30m altitude (terrain fol-
lowing sigma coordinates) and the lower 1.5km of the model
(up to 857hPa) is represented by ﬁve layers.
This model conﬁguration was selected because it explic-
itly represents stratosphere-troposphere interactions and in-
cludes a comprehensive representation of atmospheric chem-
istry, and also because it has been extensively tested and doc-
umented. The conclusion from the comprehensive model
evaluation by J¨ ockel et al. (2006) was that in spite of mi-
nor shortcomings, mostly related to the relatively coarse T42
resolution and the neglect of inter-annual changes in biomass
burning emissions, the main characteristics of the trace gas
distributions are generally reproduced well.
The chemistry calculations are performed using a ki-
netic preprocessor to describe a set of 177 gas phase,
57 photo-dissociation and 81 heterogeneous tropospheric
and stratospheric reactions (Sander et al., 2005). De-
tails of the chemical mechanism (including reaction rate
coefﬁcients and references) can be found in the elec-
tronic supplement (http://www.atmos-chem-phys.net/5/445/
2005/acp-5-445-2005.html). The model also carries a tracer
for stratospheric ozone (O3s), which enables a comparison
with O3 that is photochemically formed within the tropo-
sphere (J¨ ockel et al., 2006). The O3s tracer is set to O3
throughout the stratosphere and follows the transport and de-
struction processes of ozone in the troposphere, however,
is not recycled through NOx chemistry (including titration
by NO and recycling into O3). If O3s re-enters the strato-
sphere it is re-initialized at stratospheric values (Roelofs and
Lelieveld, 1997).
A more detailed description and a discussion of how
well our GCM represents stratosphere-troposphere exchange
(STE) processes and their dependence on resolution can be
found in Kentarchos et al. (2000). STE is forced by the large-
scale dynamics (wave forcing) which is well resolved by the
model at T42. Further improvements are reported by Gior-
getta et al. (2006) who increased the vertical resolution of the
model, as used in the present study. Sensitivity simulations
by Kentarchos et al. (2000) indicate that at higher horizontal
resolution (i.e. T63) the STE ﬂux may be about 10% larger
than at T42, whereas further resolution increases (i.e. T106)
do not lead to additional STE ﬂux changes. Kentarchos
et al. also reported excellent agreement between simulated
tropopause folding events and analyses of the European Cen-
tre for Medium-range Weather Forecasts (ECMWF).
For the representation of natural and anthropogenic emis-
sionsand drydepositionoftrace species, includingmicrome-
teorological and atmosphere-biosphere interactions, wet de-
position by different types of precipitation, and multiphase
chemistry processes we refer to the detailed descriptions
by Ganzeveld et al. (2006), Kerkweg et al. (2006), Tost
et al. (2006) and additional articles in a special issue of
Atmos. Chem. Phys. (http://www.atmos-chem-phys.net/
special issue22.html). The results of the tropospheric and
stratospheric chemistry calculations, using a number of di-
agnostic model routines, have been compared to in situ and
remote sensing measurements (J¨ ockel et al., 2006; Lelieveld
et al., 2007; Pozzer et al., 2007).
The model has been nudged towards actual meteorologi-
cal conditions for the year 2006 based on operational analy-
ses of the ECMWF. A Newtonian relaxation term has been
added to the prognostic variables for vorticity, divergence,
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Fig. 2. SCIAMACHY satellite image of tropospheric NO2 columns, averaged over 2003–2007, showing several hot spots over major cities
in the Middle East and in particular around the Persian Gulf.
temperature and surface pressure (Lelieveld et al., 2007). We
avoid inconsistencies between our GCM and the ECMWF
boundary layer representations by leaving the lowest three
model levels free (apart from surface pressure), while the
nudging increases stepwise in four levels up to about 700hPa
and tapers off to zero at 200hPa. The nudging coefﬁcients
are chosen to be small to allow maximum internal consis-
tency in the model calculations of meteorological processes.
3 Anthropogenic NOx emissions
The database of anthropogenic emissions used as boundary
conditions in the EMAC model is EDGAR 3.2 (fast track)
(van Aardenne et al., 2005; Ganzeveld et al., 2006). It seems
likely that emissions of ozone precursors, most importantly
of NOx, are fairly well constrained for Europe and the North
America, but possibly less well for many other regions in-
cluding the Middle East. In Table 1 we present the EDGAR
3.2emissionsof NOx inthe Middle East, referringto theyear
2000.
The main NOx source category is transport (59%), being
dominated by road trafﬁc, except in the United Arab Emi-
rates (UAE) where emissions from international shipping are
largest. The second and third most important NOx emission
categories are power generation and industry, respectively.
Biomass burning is only a minor source. The countries with
the strongest NOx sources in the region are Iran, Turkey,
the UAE and Saudi Arabia. To put these data into perspec-
tive, we may compare the Middle East with North Amer-
ica (population of both regions ∼350 million) which releases
about 22000Gg/yr (as NO2) (compared to 6700Gg/yr in the
Middle East). The EDGAR 3.2 NOx emissions for Califor-
nia, which has a similar size and population as the Gulf re-
gion, amount to 1320Gg/yr. In California power generation
contributes 14%, transport 66% and industry 16%, indicat-
ing that the fractional contributions by source sector are not
strongly different than in the Middle East, although transport
is even more dominant.
Although we have no means to quantitatively test the
EDGAR 3.2 emission database for the region of interest,
Fig. 2 presents Scanning Imaging Absorption Spectrome-
ter for Atmospheric Chartography (SCIAMACHY) satellite
data of tropospheric NO2 vertical column densities for the
Mediterranean and the Middle East in the period 2003–2007,
obtained at a resolution of approximately 30×60km2. These
NO2 column densities have been retrieved with the spec-
tral analysis method of Leue et al. (2001), and the further
processing and testing against ground-based remote sensing
measurements in polluted air have been described by Chen et
al. (2008).
Because of the short lifetime of NO2 (about one day) it
is detected by SCIAMACHY close to the NOx sources, and
these measurements provide an indication of the emission
strengths. Remarkably, several locations in the Middle East
are characterized by much higher NO2 column densities than
major cities in Europe such as Paris, Madrid, Athens and
Istanbul. The NO2 columns may be compared with those
in the Milan Basin (Fig. 2), a region notorious for poor air
quality (Neftel et al., 2002). Especially Riyadh, Jeddah,
Bahrain, the region Dhahran-Dammam-Al Jubayl, Dubai,
Kuwait, Tehran, Esfahan, and to a lesser extent Cairo and
Tel Aviv can be clearly identiﬁed as strong NOx sources.
This is especially noteworthy considering that the lifetime
of NO2 in the Middle East is shorter than in Europe because
the geographical location is highly favorable for the forma-
tion of hydroxyl (OH) radicals that rapidly transform NO2
into nitric acid. The OH is formed by the photodissociation
of ozone in the presence of water vapor, and is catalytically
recycled by NOx. In Fig. 3 we present the observed upward
tendencies of NO2 and lower tropospheric O3 in several loca-
tions around the Gulf derived from SCIAMACHY data and
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Table 1. NOx emissions in the Middle East (in Gg NO2/year) from EDGAR 3.2.
Power Residential Transporta Industryb Biomass Total
generation biofuel use burningc
Egypt 158 75 444 143 − 820
UAE 82 1 853 35 − 971
Bahrain 25 1 24 19 − 69
Cyprus 10 − 27 6 1 44
Iran 325 33 711 204 18 1291
Iraq 53 15 299 42 − 409
Israel 141 − 163 30 4 338
Jordania 20 3 38 12 − 73
Kuwait 62 − 54 22 − 138
Lebanon 15 2 29 13 − 59
Oman 24 1 28 6 − 59
Qatar 75 − 22 14 − 111
S−Arabia 169 4 625 149 8 955
Syria 68 8 147 36 6 265
Turkey 251 − 409 260 66 986
Yemen 5 9 53 42 − 109
Total 1483 152 3926 1033 103 6697
% of total 22% 2% 59% 15% 2% 100%
a All transport sectors on land, air and sea. b Including oil/iron/steel production, non-ferro, pulp and paper, construction, waste incineration.
c Forest and savanna ﬁres, agricultural waste burning.
MOZAICaircraftmeasurements(seeSect.4). Itthusappears
that NOx emissions in the Middle East are growing rapidly so
that it is conceivable that the EDGAR 3.2 emission database,
referring to the year 2000, and therefore our model underes-
timate regional NOx levels for the year 2006.
4 Model results compared to observations
Whilst the model has been extensively tested in many ap-
plications, an ozone measurement database for the Middle
East is to a large degree lacking. For the free troposphere
we use ozone measurements of the MOZAIC program (Mea-
surements of Ozone and Water Vapor by In-service Airbus
Aircraft) (Thouret et al., 1998; Zbinden et al., 2006) (see
also http://www.aero.obs-mip.fr/mozaic/). It appears that
for 2000 and 2004 relatively extensive datasets are avail-
able from aircraft ascents and descents over Bahrain (26◦ N,
50.5◦ E), Dubai (25◦ N, 55◦ E), Kuwait (29◦ N, 48◦ E) and
Riyadh (24.5◦ N, 46.5◦ E), and we compare the measure-
ments with previous model output for these years (J¨ ockel et
al., 2006). Figure 4 shows that the pronounced middle tropo-
spheric ozone maximum in summer (≥80ppbv), which was
predicted by Li et al. (2001), is reproduced.
In addition we use the satellite measurements of tropo-
spheric ozone by the Tropospheric Emission Spectrometer
(TES) on the AURA satellite (Worden et al., 2007; Osterman
etal., 2008). ThecomparisonofdailyTESobservations(ver-
sion 2) to ozone soundings indicated a mean positive bias of
3-9 ppbv in the lower troposphere (Nassar et al., 2008). In
our study we compare daily level 3 data (version 3) to EMAC
model output. The EMAC data are interpolated in space and
time to the geolocations of the satellite after evaluating the
ozone quality ﬂag of the TES data. EMAC proﬁles are re-
gridded to the vertical resolution of the TES retrieval levels,
and the averaging kernel for each individual TES proﬁle is
applied to the corresponding EMAC proﬁle. The available
(remaining) number of proﬁles after applying the TES qual-
ity ﬂags is about 1500 per day, which are compared to the
EMAC data on the same horizontal and vertical grid.
Figure 5 compares the TES data to our model results,
representative for three levels in the troposphere between
908.5 and 261hPa over the Persian Gulf region. The indi-
vidual TES data points produce a similar variability as the
EMAC model results. Considering the difference in reso-
lution and because the model nudging to ECMWF analy-
ses approximates and not mimics meteorological conditions,
ideal agreement cannot be expected. From the agreement
between the mean mixing ratios and the probability density
functions we conclude that the model adequately represents
atmospheric chemistry conditions in the Gulf region.
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Fig. 3. Top: Annual mean column densities of NO2 over Dubai
and Dhahran (within a radius of 0.5◦ around the cities) derived
from SCIAMACHY satellite data. The linear upward trends are 6.4
and 3.9×1014 molecules/cm2/year, respectively. Bottom: individ-
ual data points of ozone over Kuwait, Dubai, Dhahran and Riyadh
obtained by MOZAIC aircraft measurements between 1 and 3 km
altitude. The linear upward trend is 1.57±0.57(1σ) ppbv/year (level
of statistical signiﬁcance is 99%).
5 Meteorology
The large-scale Hadley circulation, driven by deep tropical
cumulonimbus cloud formation and intense precipitation, is
accompanied by descent in the subtropics. In the winter
hemisphere the Hadley cell is most pronounced, which is as-
sociated with the relatively strong meridional heating gradi-
ent. The low level ﬂow in the subtropics is characterized by
vast anticyclones, which occupy about 40% of the Earth’s
surface (Rodwell and Hoskins, 2001).
The Middle East, being under the downward branch of the
Hadley circulation, is among the warmest and driest in the
world. From a space perspective, the atmospheric radiation
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Fig. 4. Compilation of MOZAIC aircraft measurements over
Bahrain, Dubai, Kuwait and Riyadh compared to model calculated
O3 in the middle troposphere over the Middle East. The black cir-
cles indicate the individual measurement data points, the red solid
lines the monthly mean measured O3, the solid green lines the
monthly mean modeled O3 and the dashed lines the monthly stan-
dard deviations.
budget is negative, i.e. the region radiates more infrared ra-
diation than it receives sunlight (Vardavas and Taylor, 2007).
The net radiative cooling to space is balanced by entrainment
of high-energy air in the upper troposphere while low-energy
air is detrained near the surface. The compensating descent
reduces the relative humidity, which leads to the evaporation
of clouds and the suppression of rain.
Rodwell and Hoskins (1996) argue that during summer in
the eastern Mediterranean and eastern Sahara region a tele-
connection with the Asian monsoon plays a key role, al-
though it is yet unclear how this affects the Arabian Penin-
sula and the Persian Gulf region. The monsoon convection,
centered over eastern India, acts as a remote dynamic forcing
which is enhanced by radiative cooling in the subsidence re-
gion, apositivefeedbackthataddstothedrying. Considering
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that the tropics are expanding (Seidel et al., 2008) and the
Asian monsoon will intensify under the inﬂuence of global
warming (IPCC, 2007), it may be expected that subsidence
and dryness over the eastern Mediterranean and the Middle
East will increase, being a robust ﬁnding of climate modeling
(Giorgi and Bi, 2005; Held and Soden, 2006; Diffenbaugh et
al., 2007; Sun et al., 2007).
In summer the hot desert conditions give rise to a heat low
with cyclonic ﬂow over the southern Arabian Peninsula. In
the south the circulation is reinforced by the summer mon-
soon that carries air from East Africa. Over the Persian Gulf
it converges with the northwesterly ﬂow from the Mediter-
ranean. The latter carries European air pollutants southward
to North Africa and the Middle East (Kallos et al., 1998;
Lelieveldetal., 2002; Stohlet al., 2002; Duncanetal., 2004).
In winter the Atlantic westerlies carry relatively clean air
masses over the Mediterranean towards the Gulf. From the
autumn to spring winds over the Gulf are more variable than
insummer, neverthelessoftencarryingairmassessouthward,
e.g. from Iran. Occasionally, storms carry desert dust plumes
over the region, though during the winter wet season the dust
and air pollution are reduced.
In summer the Asian monsoon surface trough and the Ara-
bian heat low are associated with anticyclones in the upper
troposphere. The tropical easterly jet stream at the south-
ern ﬂank of the monsoon anticyclone is diverted toward the
eastern Mediterranean by the Arabian anticyclone (Barret et
al., 2008). Convergence of this ﬂow with the polar front
jet stream accelerates the horizontal wind and increases the
horizontal and vertical wind shear, creating a jet streak and
tropopause folds (Traub and Lelieveld, 2003). An investiga-
tion of ECMWF analyses by Sprenger et al. (2003) shows
that tropopause folds preferentially occur in the subtropics
during summer, forming almost permanent features. This
demonstrates the occurrence of distinct maxima of cross-
tropopause transport in the region, e.g. over Turkey and
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Afghanistan, associated with the northern edge of the mon-
soon anticyclone. The tropopause folding events carry ozone
from the stratosphere and these air masses descend over the
eastern Mediterranean and the Middle East.
6 Regional ozone hot spot
Figure 6a shows the daily and annual proﬁles of ozone near
the surface over the Persian Gulf, averaged over a region of
5◦ latitude and 10◦ longitude, i.e. an area of about 0.5 million
km2 (comparable to the size of California). Figure 6a also
shows the contribution by ozone transported from the strato-
sphere (O3s). It thus appears that most of the ozone is formed
photochemically within the troposphere, although the con-
tribution by O3s is non-negligible. In winter the mean diel
O3 variation is about 10–15ppbv, related to photochemical
ozone formation during daytime and titration by NO emis-
sions and dry deposition in the nocturnal boundary layer. In
summer the diel variation is larger, 20–30ppbv, owing to the
rapid formation during daytime.
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Fig. 7. Model calculated mean surface O3 in excess of 40 ppbv
averaged over the period July–August 2006, highlighting the sub-
tropical band of ozone smog and pronounced hot spots over the Los
Angeles and Persian Gulf regions.
TheannualozoneminimumoccursinlateDecemberwhen
the intensity of sunlight is lowest, whereas the relative con-
tribution by STE is largest (∼30%). The regional ozone lev-
els are highest in summer, on average about 75ppbv, while
daytime values often exceed 80ppbv. Note that these high
mixing ratios occur throughout the Gulf region, providing a
hotbed for local smog formation in urban and industrial ar-
eas. Importantly, the diel mean O3 mixing ratios substan-
tially exceed 40ppbv throughout the year, hence the EU air
quality standard for phytotoxicity is permanently violated.
Furthermore, the EU health protection limit is strongly ex-
ceeded between February and October.
The average global distribution of O3 mixing ratios during
summer is shown in Fig. 7 and the regional monthly means in
Fig. 8, further illustrating that the Gulf region is a hot spot of
notoriously high ozone. Note that we use a color scale from
40–80ppbv and upward to emphasize where air quality stan-
dards are violated. The mean wind vectors near the surface
indicate that the Gulf is downwind of air pollution sources in
the Mediterranean region and the Middle East.
Figure 6b presents the regional mixing ratios of carbon
monoxide (CO), being an indicator of air pollution. The
CO levels are generally high, comparable to industrialized
environments in Europe. A previous analysis of air pollu-
tion transports over the eastern Mediterranean showed that
during summer extensive ﬁre activity north of the Black Sea
plays an important role (Lelieveld et al., 2002). The biomass
burning plumes are carried southward to the Mediterranean
and subsequently to the Middle East. The synoptic variabil-
ity of O3 follows that of CO, i.e. on time scales of days to
weeks, which underscores that the ozone is to a large degree
produced in polluted air. The regional mean NOx levels are
between 1–1.5ppbv, close to the optimum of the ozone for-
mation efﬁciency per NOx molecule emitted.
Figure6cshowsperoxyacetylnitrate(PAN),anoxiouspol-
lutant formed from hydrocarbons and NOx. The synoptic
variability of PAN correlates with both CO and O3, whereas
its seasonality anticorrelates with O3. PAN is decomposed
January
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June
July
August
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November
December
40          50          60          70          80  ppbv O3
Fig. 8. Model calculated monthly mean surface O3 in excess of
40ppbv in the period January to December 2006. The arrows indi-
cate the mean surface winds.
thermally so that in summer its lifetime is short. On the
other hand, PAN builds up in winter, illustrated by the steep
increase in November and December. Because of its increas-
ing lifetime with decreasing temperature, PAN can act as a
reservoir species of NOx (Singh et al., 1998). It is formed
during transport from polluted regions upwind and can ther-
mally decompose over the relatively warm Gulf region where
it can add to ambient NOx levels.
Figure 6d shows that the mean NOx mixing ratio near the
surface in the Gulf region is rather constant throughout the
year, even though the boundary layer is deeper in summer
owing to the more dynamic convective mixing associated
with surface heating. The consequent summertime dilution
of local NOx emissions in the convective boundary layer ap-
pears to be compensated by a reduced trapping of NOx in
the reservoir gas PAN connected to its more efﬁcient thermal
decomposition (Fig. 6c).
The transport and regional chemistry characteristics of
ozone and precursor gases give rise to year round high ozone
mixing ratios. Our model results suggest that in the en-
tire region from Riyadh to Dubai, during all seasons, a
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Fig. 9. Model calculated 3-monthly mean zonal and vertical dis-
tributions of O3 (left) and O3 originating in the stratosphere (O3s,
right) averaged over the 45–55◦ E longitude belt.
distinct ozone maximum is located between the surface and
∼750hPa (Fig. 9). Clearly the Gulf is a convergence re-
gion of long-distance transported air pollution, which fos-
ters strong local ozone formation by indigenous emissions of
NOx and reactive hydrocarbons in industrial and urban ar-
eas. The regional ozone maximum is most pronounced in
summer when the meteorological conditions are auspicious
for photo-smog.
7 Stratosphere-troposphere exchange
AlthoughthecontributionbySTEtosurfaceozonemayseem
limited it is interesting to examine its role throughout the tro-
pospheric column. Previously, Li et al. (2001) investigated
the middle tropospheric ozone maximum over the Middle
East in summer. At variance with Li et al. our model results
point to a signiﬁcant role of STE (Fig. 9). Our results sug-
gest that in the Gulf region O3s contributes about two thirds
to the tropospheric ozone column in winter whereas this is
still about one quarter in summer. Nevertheless, we agree
with Li et al. that also in the middle and upper troposphere
in situ photochemical O3 formation plays an important role,
O  s (ppbv) 25°-30° North, JAS 2006
Longitude
160°W                    60°W                      40°E                     140°E
3
  200
  300
  400
  500
  600
  750
  850
1000
A
p
p
r
.
 
p
r
e
s
s
u
r
e
 
h
e
i
g
h
t
 
(
h
P
a
)
70
72
74
76
78
80
82
84
86
88
90
M
o
d
e
l
 
l
e
v
e
l
55
50
45
40
35
30
40 25
30
35
20
15
10
10
10
20
25
15
20
15
25
30
35
10
15
20
25 30
Fig. 10. Model calculated tropospheric O3 originating in the strato-
sphere (O3s) averaged between 25–30◦ N latitude in the period July
to September 2006.
and the anthropogenic component substantially contributes
to the radiative forcing of climate.
In fact, STE derived ozone penetrates remarkably far south
over the Middle East. Especially in winter and spring an O3s
maximum reaches deeply into the tropics in the lower free
troposphere. Interestingly, a second O3s maximum touches
the surface near the Gulf around 30◦ N latitude, both in sum-
mer and winter. This corresponds to the results in Fig. 6a,
showing that the contribution of O3s is signiﬁcant during the
entire year.
Figure 10 presents a global and longitudinal cross section
of O3s during summer, averaged between 25–30◦ N latitude.
The inﬂuence of deep convection in the South Asian mon-
soon region, around 90◦ E (near Mt. Everest), is apparent
from the relatively low O3s mixing ratios throughout the tro-
posphere. To the west, between about 500 and 600hPa, two
O3s maxima appear, resulting from deep tropopause folding
events. In particular the one near 30◦ E represents unusually
deep subtropical STE. Figure 10 illustrates that a tongue of
O3s reaches the surface over the Persian Gulf, unique in the
subtropics.
8 Comparison with other locations
A combination of factors thus contributes to the ozone maxi-
mum over the Gulf. To put this into perspective we compare
with other subtropical locations in both hemispheres.
Since our global model is not ideal for investigating local
urbanandindustrialconditions, weselectedlocationsthatare
representative of larger areas. The largest city in the world in
terms of surface area is Los Angeles, also notorious for high
ozone levels. Although the Los Angeles emissions of CO
per capita are among the highest in the world, its emission
normalized per surface area is the lowest of the 20 largest
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cities (Gurjar et al., 2008). This is indicative of a relatively
widespread and uniform source distribution.
For our comparison we deﬁne a “greater Los Angeles
area” with a size close to a single grid cell in our model,
also encompassing some ocean area and surrounding cities
such as Pasadena, Riverside and San Bernardino. Similarly,
we deﬁne a “greater Bahrain area”, which includes a fraction
of the Gulf, part of Qatar and several coastal cities in Saudi
Arabia.
Figure 11 presents a comparison between these two pol-
luted areas and also to more rural locations in southern China
(Hunan), western Australia, and an area over the subtropical
Paciﬁc near Midway, downwind of East Asia. None of these
regions is free of anthropogenic inﬂuence while the level of
O3 decreases in the mentioned order (from the top down in
Fig. 11). Figure 11 shows that all of these subtropical lo-
cations, irrespective of their remoteness, have ozone mixing
ratios close to or in excess of the EU air quality standard for
phytotoxicity. This underscores the sensitivity of the sub-
tropical latitude belt to anthropogenic emissions.
The vicinity of these ﬁve locations to pollution sources is
illustrated by the amplitude of the diel ozone cycle. In Los
Angeles the local emissions are strongest, leading to a rapid
photochemical ozone build-up during the day and nighttime
titration by NO emissions. In Bahrain the diel amplitude is
smaller because the ambient ozone levels are more strongly
determined by long-distance transport. In Hunan and W-
Australia the diel ozone amplitude is increasingly smaller at
greater distance from strong NOx sources.
In marine environments such as Midway, with negligi-
ble local NOx sources, the diel ozone cycle is controlled by
upwind photochemical destruction during daytime and the
absence of photochemistry at night (de Laat and Lelieveld,
2000). The remoteness from NOx sources is also illustrated
by the seasonal cycle of ozone. In polluted environments the
season with the most intense sunlight is associated with the
strongest ozone production, whereas in remote low-NOx lo-
cations photochemical ozone loss prevails. Usually in sum-
mer the inﬂuence of STE becomes negligible (Fig. 11). How-
ever, this is not the case in the Gulf region.
Surprisingly, during summer the daily mean ozone mixing
ratiosinBahrainaresimilartoLosAngelesalthoughdaytime
peak levels can be higher in the latter. In winter Los Ange-
les is subject to westerly winds that carry unpolluted Paciﬁc
air. Conversely, in Bahrain during winter ozone levels are
substantially higher, i.e. permanently in excess of 40ppbv,
while the health hazardous level of 50–60ppbv is exceeded
between February and October, and the 80ppbv level during
most of the summer. As mentioned in the previous section,
this is not only typical for Bahrain but rather for the entire
region.
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9 Regional ozone budget
Figure 11 also shows model calculated ozone levels after
excluding anthropogenic sources (in green). Generally, the
diel and annual proﬁles much resemble clean maritime con-
ditions and most locations have ozone mixing ratios of about
20ppbv or less. Only in Bahrain during summer ozone lev-
els approach 40ppbv, indicating substantial inﬂuence from
upwind natural NOx emissions, especially lightning (Li et
al., 2001). Clearly, in all locations, from urban to cen-
tral Paciﬁc, anthropogenic emissions have strongly inﬂu-
enced ozone mixing ratios as also indicated in previous work
(Lelieveld and Dentener, 2000).
To compare the regional ozone budgets with and with-
out anthropogenic inﬂuences, Tables 2 and 3 present the
source and sink terms for the central Gulf region, the geo-
graphical area deﬁned earlier for Fig. 6. We distinguish be-
tween the model diagnosed troposphere and boundary layer.
The monthly mean tropospheric ozone columns are largest
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Table 2a. Boundary layer ozone budget in 2006 for the region 25◦–30◦ N and 45◦–55◦ E (units Gg/month).
Burden O3 Chemical Chemical Dry Net
(1O3)a production destruction deposition transport
January 22 (−1) 276 −43 −128 −106
February 17 (−5) 296 −57 −124 −120
March 16 (−1) 435 −103 −161 −172
April 17 (1) 533 −152 −164 −216
May 21 (4) 679 −219 −172 −284
June 42 (21) 716 −247 −186 −262
July 39 (−3) 813 −359 −196 −261
August 14 (−25) 702 −280 −167 −280
September 22 (8) 535 −166 −143 −218
October 18 (−4) 409 −109 −134 −170
November 26 (8) 348 −74 −126 −140
December 23 (−3) 246 −38 −109 −102
a The O3 burden change relative to the previous month in parentheses.
Table 2b. Tropospheric ozone budget in 2006 for the region 25◦–30◦N and 45◦–55◦E (units Gg/month).
Burden O3 Chemical Chemical Dry Net
(1O3)a production destruction deposition transport
January 460 (37) 549 −219 −128 −165
February 585 (125) 630 −312 −124 −69
March 572 (−13) 997 −475 −161 −374
April 446 (−126) 1240 −672 −164 −530
May 663 (217) 1659 −948 −172 −322
June 685 (22) 1789 −1070 −186 −511
July 656 (−29) 1931 −1384 −196 −380
August 632 (−24) 1839 −1262 −167 −434
September 514 (−118) 1351 −721 −143 −605
October 414 (−100) 955 −512 −134 −409
November 490 (76) 698 −334 −126 −162
December 567 (77) 490 −179 −109 −125
a The O3 burden change relative to the previous month in parentheses
from May to August (>600Gg O3) and the boundary layer
columns are maximum (∼40Gg) in June and July. During
the latter two months the long-distance transport of polluted
air from the Mediterranean is most efﬁcient.
Both in the boundary layer and in the troposphere the
photochemical ozone formation is strongest during the May-
August period. By taking boundary layer chemical ozone
production of >500Gg/month and tropospheric O3 produc-
tion >1000Gg/month as criteria for strong ozone forma-
tion, it appears that the ozone buildup in the period April–
September is generally very strong, coincident with the high
surface ozone shown in Fig. 8. March and October are “tran-
sition” months during which air quality standards for hu-
man health are nevertheless exceeded. Table 2 furthermore
shows that the troposphere over the Persian Gulf strongly
contributes to net photochemical O3 formation and therefore
exports substantial amounts of ozone (nearly 400Gg/month)
to the surrounding regions.
Table 3 presents the regional tropospheric and boundary
layer ozone budgets for the model simulations without an-
thropogenic emissions. Although chemical ozone production
is still highest in the April-September period, it is more than
a factor of three less in the boundary layer and a factor of
2.5 less in the troposphere compared to the recent conditions
(Table 2). The relative ozone production enhancements are
even stronger during winter, so that annually the chemical
production is increased by more than a factor of four in the
boundary layer and a factor of three in the troposphere.
The annual mean tropospheric ozone column over the
Gulf in the simulation with only natural emissions is 311Gg
whereasthisis557Gginthesimulationthatalsoincludesan-
thropogenic emissions. Even though the simulation without
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Table 3a. Boundary layer ozone budget for the region 25◦–30◦ N and 45◦–55◦ E for the simulation without anthropogenic emissions (units
Gg/month).
Burden O3 Chemical Chemical Dry Net
(1O3)a production destruction deposition transport
January 9 (1) 15 −12 −42 40
February 6 (−3) 24 −18 −45 36
March 6 (0) 47 −28 −56 37
April 6 (0) 94 −50 −59 15
May 10 (4) 195 −89 −74 −28
June 21 (11) 249 −114 −88 −36
July 19 (−2) 304 −180 −98 −28
August 8 (−11) 230 −137 −83 −21
September 8 (0) 149 −70 −62 −17
October 8 (0) 75 −41 −51 17
November 8 (0) 43 −25 −43 25
December 8 (0) 17 −10 −34 27
a The O3 burden change relative to the previous month in parentheses
Table 3b. Tropospheric ozone budget for the region 25◦–30◦ N and 45◦–55◦ E for the simulation without anthropogenic emissions (units
Gg/month).
Burden O3 Chemical Chemical Dry Net
(1O3)a production destruction deposition transport
January 263 (29) 88 −91 −42 74
February 373 (110) 104 −131 −45 182
March 324 (−49) 174 −176 −56 9
April 244 (−80) 313 −274 −59 −60
May 369 (125) 616 −442 −74 25
June 371 (2) 778 −534 −88 −154
July 365 (−6) 901 −748 −98 −61
August 329 (−36) 811 −677 −83 −87
September 264 (−65) 529 −344 −62 −188
October 231 (−33) 289 −234 −51 −37
November 241 (10) 179 −146 −43 20
December 355 (114) 88 −69 −34 129
a The O3 burden change relative to the previous month in parentheses
anthropogenic inﬂuence indicates that the region exports
ozone to its surroundings during summer, on an annual net
basis the boundary layer imports ozone, whereas for the tro-
posphere we compute a small net export (148Gg/yr). This
contrasts to a strong net export, several orders of magnitude
higher (4086Gg) in the troposphere during the year 2006.
10 Conclusions
The ozone hot spot over the Persian Gulf predicted by our
model is caused by a combination of factors that operate in
the same direction. These include long-distance transport of
air pollution, unusually strong STE, substantial upwind nat-
ural NOx sources, a lack of deep convective mixing and pre-
cipitation, strong local anthropogenic emissions and highly
favorable conditions for photochemistry. Together this leads
to strongly enhanced ozone mixing ratios in the free tropo-
sphere, the boundary layer and at the Earth’s surface.
Our model results, supported by satellite measurements,
indicate that the Gulf region has changed from pre-industrial
conditions with near-surface ozone mixing ratios below
40ppbv, as derived from calculations without anthropogenic
emissions, to present-day levelsthatstrongly exceed airqual-
ity standards (as deﬁned for the EU). Furthermore, the region
has changed from near-neutral in terms of net ozone trans-
port, into one that strongly contributes to net ozone transport.
Considering a tropospheric ozone lifetime of several weeks,
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during which non-soluble gases can travel around the globe,
this transport contributes to a hemispheric increase of ozone
in the subtropics.
Although here we focus on 2006 it is important to empha-
size that the ozone hot spot over the Persian Gulf is a recur-
rent feature in our model calculations for the period 1996-
2006. Furthermore, a model simulation for the summer of
2006 at enhanced horizontal resolution (∼1.1◦ lat/lon) repro-
duces the ozone hot spot, indicating that the results presented
here are not sensitive to the resolution of the model.
The high background ozone mixing ratios in the Gulf re-
gion, as determined by long-distance transport of air pollu-
tion, indicate that the local control options to substantially
reduce surface ozone below health hazardous levels are lim-
ited, and that international efforts are called for. Neverthe-
less, satellite measurements indicate that tropospheric NO2
columns in the Gulf region and in general in urban and in-
dustrial regions in the Middle East are remarkably high. Re-
ductions of air pollution emissions, which should be feasi-
ble e.g. in the transport and energy sectors, will help reduce
ozone formation.
Our model has been extensively tested for many locations
and we consider these results compelling. Further, data from
satellites, aircraft measurements and in the upwind Mediter-
ranean region indicate increasing trends of ozone and NOx
emissions. Nevertheless, the lack of ground-based measure-
ments in the Gulf region is unsatisfactory. We recommend
that Global Atmospheric Watch stations in Saudi Arabia and
Iran report the available data and that additional stations are
set up to provide the information needed to effectively reduce
air pollution. This will be particularly important as it may be
expected that climate change will promote poor air quality
conditions while ozone precursor emissions will likely con-
tinue to increase in the region.
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